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Abstract—We report the modelling and characterization of microwave absorbing materials specially
designed for 26–37GHz frequency range (Ka-band). Composite materials based on carbon
nanotubes/BaTiO3/Fe3O4 in a phosphate ceramic matrix were produced, and their electromagnetic
response was investigated. Both theoretical and experimental results demonstrate that this material
can absorb up to 100% of the power of an incident plane wave at a normal incidence angle. The physics
underlying such absorption level is discussed in terms of refractive index of the material.
1. INTRODUCTION
The design and construction of compact multifunctional, thermally stable microwave radiation absorbers
is technologically important for a number of applications. Of particular relevance is the development of
the future generation communication systems, in which the questions of electromagnetic compatibility
alongside the environmental protection will have to be addressed. There is a worldwide activity in
this sector, and the search for new broadband absorbing materials is ongoing constantly [1–6]. The
role of ferromagnetic resonance [7–9], Ohmic losses [10–12], dipole relaxation [13] and lossy scattering
on the periodic structure of metamaterials [14] are some of the currently pursued questions. Some
of these physical mechanisms can be eﬃciently combined in (nano)composite materials. A number of
studies [15–20] showed that nano-sized inclusions can signiﬁcantly aﬀect the electromagnetic response
of composites and provide an eﬃcient way to tune their absorbing properties.
In the present work, the parameters of absorption of microwave radiation in composites based
on a phosphate ceramic matrix [21, 22] were analysed. Our recent studies devoted to microwave
absorbing materials [10] highlighted the main limitations of several physical parameters (complex
eﬀective permittivity, thickness, surface shape, etc.) for the design of eﬀective nonmagnetic radar
absorbers. Speciﬁcally, a 1mm-thick single layer of a homogeneous material can absorb no more than
53% of the power of the incident radiation at 30GHz. The only way of increasing the absorption
level is by increasing the total thickness of the composite. This problem is especially important for
aerospace applications, for which lightness and portability are crucial issues. The total thickness of
the absorbing coating can be reduced when the composite is located on a metal plate (composite with
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a back reﬂector) [23]. Herein, we assume that the metal plate is a perfectly conducting layer with a
reﬂection coeﬃcient set to 1.
In Section 2, we develop a description of the reﬂection/absorption coeﬃcients of a composite with
back reﬂector and investigate their dependencies on several physical parameters. Next, in Section 3, we
experimentally measure and discuss the frequency dependence of the absorption coeﬃcient of composites
based on multi-walled carbon nanotubes (MWCNTs)/BaTiO3/Fe3O4 particles embedded in a phosphate
ceramic matrix. Conclusions are given in Section 4.
2. EFFECTIVE ABSORBING COMPOSITE MODELLING
All the results below are given in the SI units, and we assume an exp[i(kz − ωt)] dependence of the
incident electric ﬁeld. Let us consider the normal scattering of an incident plane wave on a plane-
parallel layer of composite material located on a metal plate. The ﬁrst-principles equations describing
the electromagnetic response of such system in free space are well known [7, 24]. The amplitude of the
reﬂected signal in the waveguide is deﬁned as [10, 25]:
S11(λ, τ, n) = −kz(exp[2iτk2z ]− 1) + k2z(1 + exp[2iτk2z ])
kz(1− exp[2iτk2z ]) + k2z(1 + exp[2iτk2z ]) , (1)
with
kz =
π
λa
√
4a2 − λ2, k2z = π
λa
√
4n2a2 − λ2, n = √εμ, (2)
where τ is the thickness of the composite, a the width of the waveguide (set to 7.2mm), λ = c/ν the
wavelength, c the vacuum light velocity, ν the frequency, n = n′+ in′′ the relative refractive index, ε the
complex (relative) permittivity and μ the (relative) magnetic permeability of the composite. Eq. (1)
can also be used in free space; in this case, wave vectors kz = 2π/λ and k2z = 2πn/λ should be used.
From Eq. (1), it is easy to calculate the absorption coeﬃcient as A = 1− |S11|2.
To achieve maximum of the absorption, one can vary the composite thickness. Additionally, by
changing the type of the ﬁller and its content, it is also possible to change the refractive index to
obtain the maximal absorption at ﬁxed thicknesses and frequency. Fig. 1(a) shows a general view of the
dependence of the absorption coeﬃcient A = 1−|S11|2 on the real and imaginary parts of the refractive
index, calculated using Eq. (1) for a 0.65mm-thick composite attached to a metal plate at 30GHz.
The corresponding cross-sections of this three-dimensional plot around the maximum are displayed in
Figs. 1(b)–(c).
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Figure 1. (a) Dependence of the absorption coeﬃcient A on the real and imaginary parts of the
refractive index of a 0.65mm-thick composite located on a metal plate at 30GHz in the waveguide; (b)
Cross-section of (a) versus Im(n) for Re(n) = 3.95; (c) Cross-section of (a) versus Re(n) for Im(n) = 0.45.
In Fig. 1, only the ﬁrst absorption maximum, related to minimal values of Re(n), was presented as
it is the most important for practical applications. As shown in Fig. 1, the maximum of the absorption
may reach up to 100% near the point of n = 3.95 + i0.45. It can be seen for both cases, in free
space and inside the waveguide. The dependence of its position on the thickness and the frequency
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Figure 2. Maximum of absorption as function of thickness and frequency inside (a) the waveguide and
(b) in free space.
inside the waveguide is shown in Fig. 2(a). In this ﬁgure, these two parameters are varied in the range
0.40–0.95 mm and 26–37GHz, respectively, and the positions of corresponding absorption maxima are
estimated.
The dependence of the absorption maximum on the thickness at constant frequency in the waveguide
is presented in Fig. 2(a) with green solid lines. One can see that an increase of thickness leads to a
monotonic shift of the maximum position to lower values of Re(n) and Im(n). Nevertheless the position
of Im(n) coordinate is less sensitive to the variation of τ , especially at low frequencies. From Fig. 2(a) it
is obvious, that in order to achieve the same absorption at lower thicknesses, the materials with higher
values of refractive index should be used. The dependence of the position of the absorption maximum
on the frequency at constant thickness in the waveguide is presented in Fig. 2(a) with dashed red lines.
It can be seen that by increasing the frequency the maximum of the absorption peak is shifted to lower
values of Re(n) and to higher values of Im(n). This demonstrates an eﬀective way of using dispersive
materials to obtain a broadband absorption.
For the case of absorption in free space, Eq. (1) can be signiﬁcantly simpliﬁed and the coordinates
of the absorption maximum can be obtained as roots of the following transcendental equation
tan(2πντn/c) = in. (3)
This equation depends only on the product of thickness τ and frequency ν. So the variation of both
parameters in free space are equivalent and, in contrast to Fig. 2(a), all roots are located on one curve
presented in Fig. 2(b) with solid red line. In this ﬁgure we ﬁxed the frequency at 30GHz and varied
the thickness (red labels) to ﬁnd the corresponding absorption peak positions (blue dots) and then
vice-versa we ﬁxed the thickness at 0.65mm and estimated the frequency at the same peak positions
(blue labels). Additionally, for practical use, we highlighted by grey colour the region near the red
curve, where absorption is > 99.9%. If the refractive index of non-dispersive material is located in the
grey region of Fig. 2(b), it is always possible to ﬁnd the required thickness of the material to obtain
the maximum absorption at a given frequency. Analysis of Fig. 2(b) shows that an increase in the
frequency leads to a similar monotonic shift of the maximum absorption peak to lower values of Re(n)
and Im(n). Nevertheless, the variation of thickness and frequency generally aﬀects the Re(n) coordinate
of the absorption peak. Im(n) is less sensitive to changes of frequency and thickness (e.g., in Fig. 2(b)
Re(n) related to red curve is varied in the range 6.31-2.77, and Im(n) is varied in the range 0.60–0.63).
So the materials with Im(n) = 0.60–0.63 are expected to have good absorbing properties in Ka-band.
It is worth noticing that in free space the same absorption peak for 0.65mm-thick composite as in
Fig. 1 is located at higher values of Im(n) (Fig. 3) and practically at the same value of Re(n) = 3.95.
This is due to the wave vector diﬀerence in free space (kz = 2π/λ, k2z = 2πn/λ) and in the waveguide
(kz = πλa
√
4a2 − λ2, k2z = πλa
√
4n2a2 − λ2). Consequently, a good absorber inside the waveguide is not
adapted for free space and should be modiﬁed by changing either the ﬁller content or by varying the
ﬁller type in the composite material. In the following work, adding multi-walled CNTs (MWCNTs) to
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the composite material was suggested in order to increase Im(n). Even low CNT amounts (< 5wt.%)
indeed drastically aﬀect the electromagnetic properties of a neat polymer matrix [17, 18]. Hence, by
varying the MWCNT content, it is possible to obtain a highly absorbing material in free space (Fig. 3).
The speciﬁc MWCNT content to achieve refractive index for maximal absorption can be well predicted
and controlled by use of the Maxwell Garnett mixing law [12, 18] or the Bruggeman eﬀective equation.
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Figure 3. Dependence of the absorption
coeﬃcient A on the imaginary part of the
refractive index of a 0.65mm-thick composite
located on a metal plate at 30GHz in the
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Figure 4. Dependence of the absorption
coeﬃcient A on frequency and thickness of a
composite with n = 3.95+i0.45 located on a metal
plate in the waveguide.
In practice, when the frequency range is ﬁxed, the maximum of absorption is estimated, and once the
corresponding composite material is produced, it is very useful to investigate the frequency dependence
of the absorption coeﬃcient of samples with various thicknesses. Fig. 4 shows a two-dimensional density
plot of the absorption coeﬃcient obtained by varying both frequency and thickness for a composite with
n = 3.95 + i0.45 inside the waveguide.
From Fig. 4, it can be seen that the maximum of absorption is shifted to higher frequencies when
the thickness of the composite is decreased.
3. RESULTS AND DISCUSSION
3.1. Sample Preparation
Composite materials with a refractive index close to the maximum of absorption displayed in Fig. 1 can
be fabricated by mixing magnetic particles (magnetite Fe3O4), piezoelectric particles (barium titanate
BaTiO3), and carbon nanotubes in a phosphate ceramic matrix. Similar multiferroic composites made
by combining piezoelectric and magnetostrictive nanoparticles were already investigated in the GHz
range of frequencies [26]. The composites were produced as described in [21]. In the present study,
commercially available (Aldrich) magnetite Fe3O4 nanoparticles of mean size 50–100 nm, piezoelectric
(Aldrich) BaTiO3 nanoparticles (cubic) of mean size 50 nm, and phosphate matrix [21] in equal mass
proportions were used. For tuning the refractive index of such 3-phase mixture, 0.1 wt.% of MWCNT [27]
was also added. The components were mixed together and pressed in tablets under a pressure of 20MPa.
After 12 h curing in air at room temperature, the samples were heat treated in an oven to 200◦C. Samples
used for microwave characterization were prepared as parallelepipeds of width 3.4mm, length 7.2mm,
and various thicknesses (Fig. 5(a)).
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Figure 5. (a) General view of prepared composites without MWCNTs (left) ant with 0.1wt.% of
MWCNTs (right); (b) Scalar network analyser ELMIKA R2-408R used for Ka-band measurements.
3.2. Ka-Band Measurements
Microwave measurements were carried out using a scalar network analyser ELMIKA R2-408R
(Fig. 5(b)). All measurements were performed in a 7.2 × 3.4mm waveguide system. In a typical
experiment, the plane-parallel layer of the composite was placed normally to the wave vector of the
incident radiation. Behind the sample was located the short end (i.e., the mirror with a reﬂection
coeﬃcient of 100%). The scattering coeﬃcient S11 of the sample was obtained as the ratio of the
reﬂected amplitude signal to the input one. The spectral variation of the S-parameter of the 0.65mm-
thick composite without MWCNT addition is presented in Fig. 6. It can be seen that these data are
well matched by Eq. (1) with the parameter n = 3.95+ i0.45 (solid line in Fig. 6). As depicted in Fig. 6,
the absorption coeﬃcient A = 1− |S11|2 around 30GHz is close to 100% and the refractive index of the
Fe3O4/BaTiO3/phosphate composite is close to the maximum of absorption shown in Fig. 1. Within
the whole frequency range 26–37GHz, the absorption varied from 65 to 100%.
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Additionally, the maximum of absorption could be easily varied by changing the sample thickness.
The experimentally measured S-parameters of samples with various thicknesses are presented in Fig. 7,
as well as their ﬁts by Eq. (1) using n = 3.95 + i0.45. These data are consistent with those of Fig. 4,
i.e., the decrease of the thickness produces a shift of the maximum of absorption to higher frequencies.
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3.3. Using MWCNTs for Free Space Applications
Using Eq. (1) with kz = 2π/λ and k2z = 2πn/λ, the free space electromagnetic response of composites
located on a metal plate can be estimated. The data for a 0.65mm-thick composite with n = 3.95+i0.45
are presented in Fig. 6 (dashed line). As depicted in Fig. 6, the free space absorption coeﬃcient remains
quite large but diﬀers signiﬁcantly from 100%. This result is consistent with the behavior shown in
Fig. 3. Due to the diﬀerence of wave vector in free space and in the waveguide, higher values of the
imaginary part of the refractive index are needed. For this purpose, the addition of MWCNTs in
the composite sample can signiﬁcantly change its electromagnetic properties. This is consistent with
many previous investigations [17, 18], and provides a simple way to reach the maximum absorption
in free space using this type of ceramics. In practice, we found by successive trials that adding a
small amount of MWCNTs allows us to reach a value of Im(n) inside the grey region of Fig. 2(b).
By adding small amount below the percolation threshold of MWCNTs in the composite sample, both
imaginary and real parts of the refractive index can be increased. This is due to MWCNTs high values
of real and imaginary parts of polarizability [28]. Due to the high sensitivity of Re(n)-coordinate of
the absorption maximum to the change of thickness compared to that of Im(n)-coordinate, the region
near the maximum of absorption can be approached again, when the composite thickness is decreased.
The measured frequency dependence of S11 for the 0.55mm-thick composite containing 0.1wt.% of
MWCNTs located on a metal plate is presented in Fig. 8. The data were satisfactorily ﬁtted with
Eq. (1) with n = 4.70 + i0.61 (solid line in Fig. 8). It can be seen that the absorption coeﬃcient in free
space is very close to 100% around 30GHz (dashed line in Fig. 8).
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Figure 8. Frequency dependence of the measured S11-parameters of a 0.55mm-thick composite in the
waveguide (squares). The solid (red) line is a ﬁt to the data using Eq. (1) with n = 4.70 + i0.61. The
dashed (blue) line represents the predicted S11-parameters of a 0.55mm-thick composite in free space.
Figure 8 shows that MWCNTs addition to the ceramic matrix allowed a signiﬁcant improvement
of the absorption in free space. As discussed above, the higher value of the refractive index led to
a decrease of the composite thickness from 0.65 to 0.55mm for the maximum of absorption around
30GHz.
3.4. Further Practical Application
The demonstrated results can be found practical for developing microwave absorbers operating at a
ﬁxed frequency. We showed that in the range of 26–37 GHz the absorption level varied from 65 to 100%.
It is worth noting that our results are scalable and that their validity can be extended to other frequency
ranges. Additionally, the ceramics under study are inert and thermally stable so these materials may
potentially be used for high-power absorbers. Analysis of Eq. (1) provides a simple way of estimating
the eﬀective refractive index of the material with the maximum of the absorption at speciﬁed frequency
and thickness (Fig. 2). Equally it can be used to ﬁnd the necessary thickness of the material with the
given electromagnetic parameters (Fig. 4).
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Figure 9. (a) Frequency dependence of the refractive index n for broadband absorption; (b) Frequency
dependence of absorption coeﬃcient A of a 0.65mm-thick composite with n(ν) located on the metal
plate in the waveguide and in free space.
It is also important to note that these results are relevant to monochromatic wave absorption. To
obtain broadband absorption, dispersive materials are needed (Fig. 2). For example, because of the
 1/ν frequency dependence [7] of the real part of the refractive index (Fig. 9(a)), the absorption peak
in Fig. 1 can be broad, and it is theoretically possible to absorb more than 97% of the initial radiation
power in the whole Ka-band (Fig. 9(b)). Another interesting candidate for eﬀective absorbers with
refractive index similar to the one displayed in Fig. 9 is based on a phosphate ceramic matrix loaded
with MWCNTs content above the percolation threshold [21].
4. CONCLUSION
The presented results demonstrate a good potential for constructing surfaces absorbing 100% of the
incident microwave radiation in a waveguide and in free space. Since the materials under study
are thermally stable, thin, cost-eﬀective and easy-to-produce, they have important potentialities for
aerospace technologies. The highly absorbing region was found around the interference minimum.
Within the 26–37GHz frequency range, the absorption level varied from 65 to 100%. The maximum
of the absorption of the sample could be shifted by varying the sample thickness. Addition of a small
amount (below percolation) of MWCNTs to the ceramic allowed tuning the refractive index of the
composite for speciﬁc civilian and military applications.
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